Abstract-A novel balanced filter circuit with wideband common mode suppression using coupled lines is proposed in this paper. A wideband filter with half open stubs is used to realize two transmission zeros for the differential mode passband. The common mode can be suppressed over 15 dB from 0 GHz to 3f 0 (f 0 is the center frequency of the passband) with insertion loss greater than 15 dB over the upper stopband. A balanced filter with 3-dB fractional bandwidths of 38% is designed and fabricated. Good agreement can be observed between measured results and theoretical expectations.
INTRODUCTION
Compared with single-ended circuits, balanced circuits have advantages of higher immunity to the environmental noises, better dynamic range, and lower electromagnetic interference (EMI), which are imperatively needed in communication systems [1, 2] . In the past few years, many microstrip balanced filters for single-band, dual-band and wideband with common mode suppression have been realized [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In [5, 6] , branch-line couplers are cascaded to realize a wide passband for the differential mode; however, out-of-band common mode suppression cannot be solved. Broadside coupled microstrip-slotmicrostrip structures can also be utilized to realize an ultra-wideband (UWB) differential filter in [7] [8] [9] [10] , but the transmission zeros near the differential mode passband are difficult to increase. Some ultra-wideband (UWB) balanced bandpass filters based on double-sided parallel-strip lines (DSPSLs) are introduced in [11, 12] , but the upper stopband for the differential mode should be further extended. Several wideband balanced filters with high selectivity for the differential mode passband are introduced in our former works [13, 14] , but the common mode suppression level is not so good. Compact wideband balanced filters using wire-bonded multiple conductor transmission lines are also shown in [15] , but the selectivity for the differential mode passband is not so ideal due to lack of transmission zeros.
In this paper, a wideband balanced filter based on common coupled lines with wideband common mode suppression is proposed. Two transmission zeros for the differential mode passband can be easily realized without complex coupling circuits, and several transmission zeros can be used to realize wideband common mode suppression, due to the all-stop transmission characteristic of the coupled lines. Fig. 2(a) , the out-of-band suppression and selectivity of the filter can be further improved due to the two shorted loaded stubs (Z 1 ). In addition, for the simulated results in Fig. 2(b) , an all-stop transmission characteristic can be realized by one/two open stubs, and the stopband level of one open and one shorted subs is better than the two open stubs. Therefore, when the coupled circuits of Fig. 1 are used to design balanced filters, the symmetrical shorted stubs can be used to design a high selectivity passband for the differential mode, and the asymmetrical open/shorted stubs can be used to suppress common mode over a wide band, and the asymmetrical circuit model can have more freedom to design different balanced circuits, which are different from former balanced circuits in [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Moreover, some other stubs can also be considered to increase the passband order and transmission zeros for the differential mode [16] , and the increased transmission zeros can be used to further improve the common mode suppression. For further demonstration, detailed theoretical design for the balanced filter will be given next. When the differential mode signals are excited from ports 1 and 1 in Fig. 3 (a), a virtual short appears along the symmetric line, and the centre coupling structure for the input coupled line is a shorted stub with characteristic impedance Z 1 and electrical length θ, as shown in Fig. 3(b) . The ABCD matrices of the differential mode circuit can be defined as
ANALYSIS AND DESIGN OF PROPOSED BALANCED FILTER
, and M 1 (half-wavelength stubs), M block1 , M block2 can be obtained from [16] . After ABCD -and Y -parameter conversions, when S dd21 = 0, the transmission zeros of the differential mode are obtained as
In addition, the transmission poles in the passband can be calculated when S dd11 = 0. A third-order equation for θ versus Z 1 , Z 2 , Z e1 and Z o1 can be obtained for this case. When Z 0 is fixed, three roots for S dd11 = 0 can be found by properly choosing the relationships of Z 1 , Z 2 , Z e1 and Z o1 , and then three transmission poles in the passband can be achieved. In addition, the external quality factor Q e of the parallel-coupled line can be given by [14] :
Ze1, Zo1
Ze1, Zo1 Once Z e1 and Z o1 of the parallel-coupled line are known, the line width w and gap g can be simulated from Ansoft Designer v3.0.
In addition, the loaded quality factor Q L and 3-dB bandwidth f of the parallel-coupled line are related by
The simulated Q L versus gap g for different line widths is shown in Fig. 4 . For a lossless case, when Q L = Q e , and f 0 and f are specified, Z e1 and Z o1 of the parallel-coupled line can be determined, and the parameters of the parallel-coupled line can be obtained. Figure 6 . Simulated frequency responses of Fig. 3 
(c). (a) Versus
the concerned filter characteristics mainly include the 3-dB bandwidth, maximal |S 21 | (T stop , dB) in the stopband and maximal in-band |S 11 | (T pass , dB) referring to the responses in Fig. 5(a) , and Fig.  5(b) shows the concerned filter characteristics versus the shorted loaded stub Z 2 , Z e1 , Z o1 . The 3-dB bandwidth and T stop increase as Z 1 increases; T pass decreases as Z 1 increases. In this way, the inband and out-of-band performances of the differential mode can be further improved by optimizing the characteristic impedance value of the shorted stubs (Z 2 ), when Q L , Q e of the parallel-coupled lines are chosen.
When the common mode signals are excited from ports 1 and 1 , a virtual open appears along the symmetric line in Fig. 3(c) , and the left side of the balanced filter is an open loaded stub with characteristic impedance Z 2 and electrical length θ. As discussed for the differential mode, the matrices of the common mode circuit can also be defined as (Z 2 , θ) . The other transmission zeros f tz1 , f tz2 are similar to the differential mode circuit. Figure 6 shows the simulated frequency responses of the common mode for Fig. 3(c) . Obviously, broadband common mode suppression can be easily achieved with the decrease of characteristic impedance Z 1 and the coupling coefficient of the parallel-coupled line. In addition, the locations of the three transmission zeros f tz1 , f 0 , f tz2 do not change with the characteristic impedances Z 1 , Z 2 , Z e1 , Z o1 , and the wide common mode suppression from 0 to 3f 0 can be easily realized. Referring to the discussions and simulated results, the 3-dB bandwidth of the balanced filter is chosen as 36%, and the final parameters (Fig. 7) for the balanced filter are listed in Table 1 . Fig. 8 illustrates the simulated results of the balanced filter. For the balanced filter, two simulated transmission zeros are located at 2.5, and 7.5 GHz, and the in-band insertion loss is less than 0.5 dB with 3-dB bandwidth approximately 37.6% (4.02-5.9 GHz); for the common mode, the insertion loss is greater than 15 dB from 0 GHz to 14.1 GHz (2.82f 0 ).
MEASURED RESULTS AND DISCUSSIONS
A photograph is shown in Fig. 7 , and the measured results of the balanced filter are illustrated in Fig.  8 . As shown in Fig. 8(a) , for differential mode, the 3-dB bandwidth is 38% (4.06-5.96 GHz) with return loss greater than 15 dB (4.17-5.76 GHz), and three measured transmission zeros are located at 2.62, 6.89 GHz. Over 15-dB upper stopband is realized from 6.38 to 14.1 GHz (2.82f 0 ), and the passband group delay is less than 2.0 ns. For the common mode of Fig. 8(b) , over 15-dB common mode suppression is achieved from 0 GHz to 14.8 GHz (2.96f 0 ). Table 2 illustrates the comparisons of measured results for different balanced filters. Compared with other balanced filters [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , the balanced filter can keep the wideband common mode suppression, and more transmission zeros close to the differential mode passband can be achieved to improve skirt selectivity. Moreover, to further extend the bandwidth of the balanced filter, patterned ground-plane technology [7] can be introduced to the balanced bandpass filter. Some bandstop networks can also be considered to extend the upper stopband for the differential mode passband [16] . 
CONCLUSION
In this paper, a wideband high selectivity balanced filter with wideband common mode suppression using coupled lines is proposed. Two transmission zeros close to the differential mode passband can be easily achieved. The asymmetrical circuit model has more freedom to design different balanced circuits. The proposed balanced filter has advantages of high selectivity, high passband-order and wideband harmonic/common mode suppression.
